In humans and in several animal species, puberty results from changes in pulsatile gonadotropin-releasing hormone (GnRH) secretion in the hypothalamus. In particular, the frequency of pulsatile GnRH secretion increases at the onset of puberty, as can be shown by using hypothalamic explants of male rats of 15 and 25 d. Previous observations from us and others suggested that the initiation of puberty could involve a facilitatory effect of excitatory amino acids mediated through N-methyl-D-aspartate (NMDA) receptors. We found that GnRH secretion could be activated through NMDA receptors only around the time of onset of puberty (25 d). The aim of this study was to clarify why this activation did not occur earlier (at 15 d) and could no longer be observed by the end of puberty (at 50 d). We studied GnRH secretion in the presence of MK-801, a noncompetitive antagonist of NMDA receptors or AP-5, a competitive antagonist. We showed that, in the hypothalamus of immature male rats (15 d), a highly potent inhibitory control of pulsatile GnRH secretion in vitro was mediated through NMDA receptors. These data were confirmed in vivo because administration of the antagonist MK-801 (0.001 mg/kg) to immature male rats resulted in early pubertal development. Onset of puberty (25 d) was characterized by the disappearance of that NMDA receptor-mediated inhibition, thus unmasking a facilitatory effect also mediated through NMDA receptors. During puberty, there was a reduction in activity of this facilitatory control which was no longer opposed by its inhibitory counterpart. We conclude that a sequential reduction in activity of inhibitory and facilitatory NMDA receptors provides a developmental basis for the neuroendocrine mechanism of onset of puberty. (J. Clin. Invest. 1992. 90:1736-1744.) Key words: AP-5 * MK-801-neuroexcitatory amino acids puberty * pulsatile gonadotropinreleasing hormone secretion * N-methyl-D-as~artate
Introduction
The precocious onset of sexual maturation can result from a premature activation of gonadotropin-releasing hormone (GnRH)' neurons either induced chemically in laboratory animals ( 1, 2) or caused by pathological processes in humans (3) . This indicates that the onset ofpuberty is determined by maturational changes in the hypothalamus or the suprahypothalamic central nervous system. In the hypothalamus, GnRH is secreted in a pulsatile manner driven by a pacemaker system or pulse generator (4) (5) (6) . In different species, the onset ofpuberty is characterized by an increased frequency of pulsatile GnRH secretion (7) (8) (9) (10) . We have particularly studied the male rat which is prepubertal at 15 d of age. The most early pubertal changes in testicular size and spermatogenesis are seen at 25 d, whereas the end of puberty is attained by 50 d of age ( 1) . By using hypothalamic explants ofmale rats, we have shown that a twofold increase in frequency of GnRH secretory pulses occuffed between 15 and 25 d of age ( 1) . The mechanism controlling that increase in frequency of pulsatile GnRH secretion at the onset ofpuberty is not elucidated. This mechanism could consist ofeither switching offan inhibitory control such as that of opioid peptides ( 12, 13) and/or switching on a facilitatory control such as proposed for the excitatory amino acids, glutamate and aspartate ( 1, 2) .
The excitatory role of these amino acids or their agonists, kainate and N-methyl-D-aspartate (NMDA), in controlling the pituitary-gonadal system has been extensively documented. These agonists have obvious excitatory effects in vivo ( 1, 2, 14) and in vitro ( 15, 16) whereas an inhibition is obtained by using specific antagonists to NMDA receptors such as AP-5 or MK-801 (17, 18) . Based on all these data, it was hypothesized that the NMDA receptors involved in GnRH secretion would be increasingly activated from the time of onset of puberty. We proposed to assess indirectly the activation of those receptors by using the noncompetitive antagonist MK-801 (11, 19) in that the antagonistic effect ofthis "use-dependent" compound was directly related to the degree of activation of the receptor by the agonist (20) . Thus the sensitivity of GnRH secretion to the suppressing effect of MK-801 provided an index ofendogenous activation of NMDA receptors involved in the GnRH pulse generator ( 1 1, 19) . In this study we have tested the hypothesis that NMDA receptors could mediate not only a facilitatory control but also an inhibitory control ofpulsatile GnRH secretion, particularly before onset of puberty.
Methods
Animals and products. Male Wistar rats (Janssen Pharmaceutica, Beerse, Belgium) housed in standardized conditions ( 14- Incubation of hypothalamic explants and radioimmunoassay of GnRH. Retrochiasmatic hypothalamic explants were studied by using a procedure described in detail previously ( 18, 23) . Briefly, 12 animals were studied in each experiment. After decapitation, the retrochiasmatic hypothalami were rapidly dissected and transferred to 12 individual chambers containing 0.5 ml ofEagle's MEM enriched with glycine, magnesium, and glucose to obtain final concentrations of 10, 1, and 25 mM, respectively. This was a static incubation system, the total incubation volume (0.5 ml) being sampled and renewed every 7.5 min for 3-4 h. The collected fractions were kept frozen until assayed. GnRH was measured in the collected fractions following a radioimmunoassay procedure described previously (23, 24) . The limit of detection was 5 pg/7.5-min fraction, which was the value assigned to data below that limit. The coefficient of variation was calculated by introducing 0.5 ml of medium containing synthetic GnRH in the experimental system for 7.5 min. This was done repeatedly on 15 occasions using different concentrations (10-50 pg/0.5-ml fraction) in the range of those secreted endogenously. The recovery was 94%. Calculation of the coefficient of variation included variability resulting from the sampling procedure using different incubation chambers and the radioimmunoassay. The intraassay coefficient ofvariation varied between 8% and 14% for GnRH secretory levels of 50 and 10 pg/0.5-ml fraction, respectively. Interassay coefficient ofvariation was 10-18%. For GnRH pulse detection analysis, the 14% value was used in that data subjected to analysis were obtained within a single experiment and assay while some measured values were close to the detection limit of the assay.
Experimental protocols. Using 12 individual hypothalamic explants obtained at 15 d (six controls and six incubated individually in the presence of MK-801 during the whole study period of 240 min), the effect ofMK-801 on the frequency ofspontaneous GnRH secretory pulses was studied. For each tested dose ofMK-801 (10-' to 10-4 M), six different explants were studied. A similar study was performed usingAP-5 (10'2to 10-4M).
In another series ofexperiments using individual explants obtained at 15 d (six in each experiment), the increase in GnRH secretion induced by a 7.5-min depolarization with veratridine (50MUM) was studied repeatedly in the absence or in the presence of increasing MK-801 concentrations ( 10-16 to 10-4 M). The antagonist was used for 15 min, including 7.5 min during veratridine stimulation. In an initial set of experiments, veratridine stimulatory episodes were performed at 52.5-min intervals, thus beyond the period of refractoriness caused by GnRH inhibitory autofeedback (25) . In a second set of experiments, veratridine was used at 37.5-min intervals, thus within the refractory period resulting in blunted GnRH response (25) . The response of GnRH secretion to veratridine was calculated as the difference between the levels obtained immediately before and during the depolarization. In order to include data from different experiments in the same analysis, the data were expressed as a percentage of the initial response to veratridine.
In a final series of in vitro experiments, individual explants obtained at 15, 25, and 50 d of age were studied. Every 30 min, the explants were exposed for 7.5 min to increasing concentrations of NMA (0.0 1-50 nM). For those experiments, NMA was used instead of NMDA in that the former preparation was less expensive than the latter although, using a 10-fold factor between the different concentrations tested, we did not find any significant difference between GnRH secretory responses to NMA and NMDA. The effects of NMA on GnRH secretion was studied in the absence (controls) or in the presence of l0-'4 M of MK-801 throughout the whole experiment. The increment in GnRH secretion induced by NMA was calculated as the difference between GnRH secretory levels obtained immediately before and during exposure to NMA.
Immature male rats were treated using saline or MK-801 at three different doses (0.1, 0.01, and 0.001 mg/kg body wt) given as a daily s.c. injection from 9 to 16 d of age. The animals were distributed in three litters, each containing three controls and six animals receiving a similar dose of MK-801. The animals were killed at 35 d of age. The hypothalamic explants were used to study the inhibition of veratridineinduced secretion of GnRH by increasing concentrations of MK-80 1, as shown previously (1 1 , 19) . The data obtained were compared with those reported earlier in intact rats studied between S and 75 d ofage. In addition, the testes were removed and weighed, and testicular cells were dissociated and studied by flow cytometry analysis as described earlier ( I1 ). This allowed calculating the proportion of elongated spermatids, the most mature form of germ cells identified using this technique.
Statistical analysis. The significance of GnRH secretory pulses observed spontaneously was assessed using the PULSAR program (26, 27) as described previously ( I1, 18). The significance of differences in interval between GnRH secretory pulses and differences in GnRH secretory responses to repeated veratridine challenges was calculated using ANOVA with correction for repeated determinations and the Scheffe Ftest (28) . To analyze the dose-response relationship between MK-80 1 concentration and GnRH response to veratridine, regression lines were calculated after logit transform of GnRH secretory response to veratridine and taking the logarithm of the dose. From these regression lines, the concentrations of MK-801 resulting in a 50% inhibition of the release ofGnRH (IC50) were calculated. The different regression lines and IC50 obtained after different treatment regimens in vivo were compared by covariance analysis (28) . Comparison between GnRH secretory responses to NMA in control explants and in the presence of MK-801 was made using the U test of Mann-Whitney. This test was also used to compare the proportion ofelongated spermatids in testicular cell homogenates of intact rats and rats treated using MK-80 1. All results were considered to be significant at the 5% critical level.
Results
As shown in Fig. 1 , the frequency of pulsatile GnRH secretion from 1 5-d-old explants was significantly increased in the presence of very low concentrations ofthe noncompetitive NMDA receptor antagonist, MK-801 ( 10-'3 to 10-" M). Incubation in the presence of 10-'3 M of MK-801 resulted in a mean 4 1-min interval between GnRH pulses, thus no longer different from that seen at 25 d (39±11 min, mean±l SD, n = 65 explants). A further increase in MK-801 concentration (10-°0 to 10-6 M) resulted in no significant differences in GnRH pulse frequency, although high MK-801 concentrations (10-5 and l0-4 M) reduced or suppressed pulsatile GnRH secretion. Using hypothalamic explants of 25-d-old rats (data not shown), we were unable to observe any increase in GnRH pulse frequency in the presence oflow MK-801 concentrations ( l0-'" to 10"-M) while we confirmed the inhibitory effect shown previously ( 11).
In effect was simil
In Fig. 3 are shown representative profiles of GnRH secresodes. As show tion from 1 5-d-old hypothalamic explants exposed to veratritory autofeedb dine repeatedly in the absence or in the presence of increasing tween depolari MK-801 concentrations. When the interval between veratrithe pulse genei dine challenges was 52.5 min, i.e., longer than the refractory centrations ( 11 period after a GnRH secretory episode (Fig. 3, upper panel) , a sponse resultir similar GnRH response was obtained repeatedly in the absence since the respc of MK-80 1. The analysis of variance showed no significant significantly gr difference in GnRH secretory response among the control exto 10-'" M of plants although a significant change occurred when GnRH reveratridine war sponse to veratridine was studied in the presence of increasing response, whet concentrations of MK-80 1. In using 10-12 to 10-6 M of MK-of higher MK-801, no difference was seen whereas high MK-80 1 concentrations. Using tions (l0-5 to 10-' M) resulted in a marked inhibition of shown), we fc GnRH secretion in response to veratridine.
secretion of G (Fig. 3, lower panel) , the initial secretory re-MH was followed by a reduction. This inhibitory larly observed at all subsequent depolarizing epi-,n previously, this effect resulted from the inhibiack of GnRH operating because the interval beizing episodes was within the refractory period of rator (25) . In the presence of low MK-80 1 con-0-f5 to 10"'l M), the inhibition of GnRH reng from the autofeedback could be prevented onse of GnRH to veratridine was restored and reater than in control conditions. In using 10- (29) , pulsatile GnRH secretion could be observed in vitro ( 18, 23, 24 (19, 25) . The occurrence ofepisodic increase in GnF ing a static incubation system is unlikely to re ological artefact because these episodic change, by changes in culture conditions such as calciun nesium and glycine concentrations ( 15, 23) . ] changes in episodic GnRH secretion that we such as increase in frequency at onset of pubertj with data obtained in vivo (7) (8) (9) (10) . Finally, l search was a continuation ofprevious studies, il to work in similar conditions for the presen Nonetheless, a possible influence ofthe samplir of the occurrence ofGnRH pulses using the static incubation sys-/1
tern cannot be ruled out. Studies using a continuous perifusion system are in progress. I/'
The investigation of the role of NMDA receptors in the control ofonset ofpuberty was based on the following observa-/,.' tions: (a) The hypothalamic explants contained NMDA receptors involved in the physiological control of GnRH secretion 15days inasmuch as the agonist NMA could elicit GnRH secretion (15) and the antagonist MK-801 could suppress pulsatile GnRH secretion ( 18) . (b) The degree of endogenous activation of NMDA receptors involved in GnRH secretion could be estimated indirectly using the noncompetitive antagonist MK-T-/8 1 801 because its antagonistic effect was use or agonist dependent -. (20) . Therefore, the sensitivity to the antagonistic effect of MK-801 was directly related to the level of activation of the NMDA receptors by their agonist. We showed previously that such a concept applied to GnRH secretion and that the sensitivity to MK-80 1 effects could be regarded as an index ofendoge25days nous activation of the studied receptors ( 1 1, 19 ). (c) Both the sensitivity ofGnRH secretion to the suppressing effect of MK-801 and the response to the administration of NMA increased markedly by the time of onset of puberty ( 11 ) . This indicated that excitatory amino acids playing a facilitatory role in GnRH a secretion were increasingly activated at that time. Such an hy- to that seen before onset of puberty. We hypothesized that the increased secretion ofgonadal hormones during puberty could account for such changes. However, we showed recently that atofeedback. On the developmental changes in activation of NMDA receptors Ise was followed involved in GnRH secretion occurred in orchidectomized rats r before puberty as in intact animals, indicating that this maturational neuroen-') This ultrashort docrine process was independent of the gonads ( 19) .
pulse of GnRH
The hypothesis that NMDA receptors could mediate a not g agent used as a only facilitatory but also inhibitory control of GnRH secretion emerged from the incidental observation that the long refrac-LH secretion us-tory period separating two veratridine stimulatory episodes at -flect a method- IL.
39±77min (65) 33 t 8min O717 activated in the hypothalamus ofimmature male rats. By using AP-5, a similar acceleration ofGnRH pulse frequency could be obtained though high concentrations were required as expected from the competitive nature of this antagonist. Further confirmation of the existence of NMDA receptor inhibition before puberty was obtained through the early development of puberty after administration of MK-801 to immature animals. This could be regarded as a long-term effect since the animals were treated between days 9 and 16 whereas the neuroendocrine and testicular effects were studied at 35 d ofage. Thus, the consequences of an experimental neuroendocrine manipulation restricted to 1 wk in immature animals were still observable 3 wks later, during puberty. Although we disclosed a potent inhibitory role of NMDA receptors in restraining pulsatile GnRH secretion in the hypothalamus of immature rats, we showed that a facilitatory pathway was already established at that age. This was shown by the suppression of pulsatile or veratridine-induced GnRH secretion in the presence ofhigh MK-801 concentrations at 15 d and by the highly sensitive response of GnRH to NMA in explants with inhibitory NMDA receptors blocked using extremely low MK-801 concentrations. In using AP-5, this dual role of NMDA was not apparent because very high concentrations were required to antagonize the inhibitory receptors. In contrast, the dual role of NMDA receptors in the immature hypothalamus was obvious using MK-801 to study pulsatile GnRH secretion as well as GnRH secretory response to veratridine and NMDA. It is possible that we overestimated the level of endogenous activation ofNMDA receptors involved in a facilitatory effect at 15 d in that blockade of the inhibitory component could result in a compensatory activation of the facilitatory receptors. However, this hypothesis does not invalidate the concept of a dual system with prominently inhibitory effects at 15 d. Because the NMDA receptors are mainly inhibitory and, to a lesser extent, facilitatory to GnRH secretion in the immature rat, it is understandable that only low doses of MK-801 resulted in early puberty. Based on use dependency, those low doses (0.001 mg/kg per day) blocked preferentially the highly activated inhibitory receptors whereas higher doses (0.01 and 0.1 mg/kg per day) interacting with both inhibitory and facilitatory receptors resulted in no effect on timing of puberty. The dual role of NMDA receptors in the control of GnRH secretion may help in understanding some previous findings not consistent with a solely facilitatory role of NMDA receptors. For instance, precocious vaginal opening was induced by neonatal administration of monosodium glutamate (35) known to usually inhibit the pituitary-gonadal axis (43) (44) (45) . Also, sexual maturation was delayed but not completely suppressed by prolonged in vivo administration of NMDA receptor antagonists (33, 35) .
The changes in frequency ofpulsatile GnRH secretion that we have observed could result either from true differences in frequency of activity of the GnRH pulse generator or from differences in amplitude of GnRH secretory pulse, thus being detectable or below the threshold for detection of a significant pulse. The relief by MK-80 1 of the refractory period following a veratridine-induced pulse of GnRH secretion strongly suggests that a frequency-modulated mechanism accounts for the inhibitory effects mediated through NMDA receptors. It is possible that antagonism of NMDA receptors would result in reduced neurosecretion of corticotropin releasing hormone (CRH) which can be involved in the inhibitory regulation of GnRH secretion. Such an hypothesis was raised by Reyes et al. (46) based on the inhibitory action of NMA on pulsatile LH secretion in ovariectomized monkeys while cortisol was stimulated by the agonist. However, sex steroid replacement therapy resulted in an increase ofLH and cortisol in response to NMA, the NMA-induced inhibition of LH being no longer observed whereas cortisol response was unchanged (47) . This suggested that control of GnRH and CRH secretion through NMDA receptors could be dissociated, increased CRH secretion being not necessarily associated with reduced GnRH secretion.
Based on the dual system that we observed, it is conceivable that puberty results from sequential changes in the balance between inhibitory and facilitatory effects mediated through NMDA receptors. Both effects could show a reduction in activity with age. First, the inhibitory receptors would be less active at onset of puberty, resulting in the disclosure ofthe activity of the facilitatory receptors. These receptors being no longer opposed by their potent inhibitory counterpart would in turn be less active after onset ofpuberty, thus accounting for the reduction in response to NMDA and the loss of sensitivity to MK-801 seen throughout puberty. According to this hypothesis, a common developmental feature of the inhibitory and facilitatory effects is a reduction in activity with age. Such a concept is in agreement with the observation that maturation of the receptors to excitatory amino acids in different areas of the central nervous system is characterized by a peak activity during the first week of postnatal life and a subsequent decline to a minimal activity attained by 3-5 wk of life (48) (49) (50) . Very recently, dramatic changes in current generated through NMDA receptor activation were shown between 15 and 25 d (51). In addition, the toxic effects of monosodium glutamate or NMDA on hypothalamic neurons are selectively more potent during the early postnatal life than later (45) (46) (47) 52) . Thus, the hypothalamic process of neuroendocrine maturation leading to onset ofpuberty can be related to the more general process of central nervous system maturation characterized by the progressive reduction in activity of some receptors to excitatory amino acids. Then, the interplay between inhibitory and facilitatory pathways activating such receptors could be a key mechanism to account for a timed event such as onset of puberty.
